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Abstract: 
During mitosis, cells must accurately segregate chromosomes to daughter cells. This is 
accomplished by the mitotic spindle, which is primarily formed by a pair of centrosomes. 
However, acentrosomal cells can still build spindles. We therefore used developing Drosophila 
wings and brains to investigate the importance of centrosomes in vivo. In wing epithelia, we 
found centrosomes are important for mitotic spindle assembly, chromosome segregation, spindle 
orientation, and cell viability. The Spindle Assembly Checkpoint (SAC), which monitors 
microtubule-kinetochore attachment, buffers acentrosomal wing cells, as loss of both 
centrosomes and the SAC leads to complete loss of wing epithelia. Interestingly, brain cells 
appear robust to centrosome loss, as no cell death was detected there. However, lack of 
centrosomes and the SAC dramatically perturbed brain development, including loss of neural 
stem cells. We are working to understand the basis for these phenotypes and the tissue-specific 
differences in the importance of centrosomes and the SAC. 
Introduction: 
Cell division, or mitosis, is a fundamental cellular process that is conserved throughout 
evolution. In single celled organisms, mitosis can serve as the basis of reproduction whereas in 
higher multicellular organisms, mitosis is essential for the development and maintenance of adult 
tissue. One of the primary goals of mitosis is the equal distribution of genetic material to each of 
two daughter cells. Therefore, mitosis must occur with high fidelity to maintain the integrity of 
the genome. Animal cells accomplish this process through the formation of a bipolar mitotic 
spindle made up of an array of microtubules. This structure is primarily nucleated by a pair of 
centrosomes, which are microtubule organizing centers made up of paired centrioles surrounded 
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by pericentriolar material (Walczak and Heald, 2008). Microtubules within the mitotic spindle 
form attachments to the kinetochores of sister chromatids and facilitate the forces that segregate 
them to each daughter cell. Failure to form a properly functioning mitotic spindle and attach 
sister chromatids to opposing spindle poles can result in unequal segregation of genetic material. 
Segregation errors can lead to aneuploidy (abnormal chromosome number), which is found in 
most cancers and believed to contribute to disease progression. The importance of accurate 
chromosome segregation for normal development, and the prevalence of chromosome 
missegregation in cancer cells, necessitates the study of components that help maintain the 
fidelity of mitosis (Hanahan and Weinberg, 2011).  
With the seemingly crucial role of centrosomes as microtubule nucleators, it was 
surprising when flies mutant for the key centriolar protein, Sas-4, which lacked centrioles and 
thus did not form centrosomes, survived to adulthood. These flies only die due to a separate role 
of centrioles in cilia production and thus in the sensory nervous system in Drosophila (Basto et 
al., 2006). The ability of these flies, which die not because of the loss of the microtubule 
nucleating function of the centrosome but due to an independent function of centrioles, to 
successfully complete the countless divisions that occur during development called into question 
the importance of centrosomes in mitosis and suggested that acentrosomal pathways for spindle 
assembly (e.g.  RanGTP and Augmin) are sufficient for mitosis (Clarke and Zheng, 2008; 
Goshima et al., 2008). However, development is known to be robust and mechanisms at the 
cellular and tissue level can compensate for a wide variety of aberrations (Kashio et al., 2014). It 
is therefore possible that, even though their absence is not terminal to development, centrosomes 
may play key roles in cell division. We thus sought to determine the importance of centrosomes 
in mitosis and tissue development, as well as the potential significance of cellular checkpoints in 
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buffering acentrosomal cell division. Using the epithelial tissue of the wing imaginal disc from 
Drosophila larvae, we discovered that centrosome loss leads to increased cell death via 
apoptosis, errors in chromosome segregation, and aneuploidy, indicating that centrosomes do in 
fact play an important role in the successful completion of mitosis. We also found that 
acentrosomal epithelial cells relied heavily on the spindle assembly checkpoint (SAC), which 
monitors mitosis for correct microtubule-kinetochore attachments. 
Our data from the wing disc show that centrosomes play a key role in mitosis by 
promoting the fidelity of chromosome segregation. Chromosome mis-segregation can destabilize 
the genome and thus contribute to the progression of cancer, suggesting that centrosomes are 
important for the maintenance of epithelial tissues. However, cancer is a disease that occurs in 
many tissue types with different tumors having a diverse array of physical and molecular 
hallmarks that result in clinically significant heterogeneity across tumor types (Burrel et al. 
2013). It is therefore important to understand how different tissues respond to mitotic 
perturbation. We thus extended our work with centrosomes in the wing disc epithelium to study 
the effects of centrosome loss in the developing brain, a tissue in which loss of this organelle has 
been proposed to have limited significance (Basto et al., 2006). By examining the brains of 
Drosophila larvae, we found that this tissue is robust to the loss of centrosomes, as increased 
apoptosis was not detected. However, we did find that acentrosomal brain cells are reliant on the 
SAC, with loss of both centrosomes and checkpoint function resulting in reduced brain size, loss 
of neural stem cells, increased apoptosis, and significantly increased levels of aneuploidy.  The 
observed reduction in brain size presents an interesting corollary to primary microcephaly in 
humans. Many of the mutations linked to primary microcephaly occur in centrosomal proteins, 
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but it is not known how they contribute to this disease (Megraw et al. 2011). This further 
motivates our study of the contributions of centrosomes and the SAC to brain development.  
Through our work we have shown that centrosomes play a key role in mitosis and that 
their absence increases the incidence of mitotic errors and reliance on compensatory 
mechanisms. The study of centrosomes relates to human health by allowing analysis of the 
variable responses of different tissues to mitotic defects, which is needed to understand the 
highly diverse pathways to tumorigenesis, and by serving as a model for primary microcephaly.  
The work done examining cell death, chromosomal instability, aneuploidy and the role of 
the SAC in the wing disc is part of a study that has been published: Poulton J., Cuningham J. and 
Peifer M., (2014) “Acentrosomeal Drosophila epithelial cells exhibit abnormal cell division, 
leading to apoptosis and compensatory proliferation.”  Dev Cell., 30, 731-745. All work 
presented was done as a collaboration with my research mentor, Dr. John Poulton.         
Materials and Methods: 
Drosophila Genetics 
In order to study the role of centrosomes in mitosis it was necessary to create flies lacking 
centrosomes in all cells or throughout portions of their tissue. This was accomplished using a 
mutation in sas-4, the gene encoding the core centrosomal protein, Sas-4 (Basto et al., 2006), or 
through the use of RNAi to knock down sas-4 expression in controlled regions of the wing disc.  
The sas-4 mutant allele bears a P-element insertion in the coding region of the sas-4 gene, which 
truncates the protein and results in the inability of cells to form centrosomes (Basto et al., 2006). 
Centrosomes were also selectively eliminated from specific regions of the wing discs using the 
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Gal4-UAS expression system (Phelps and Brand, 1998) to drive sas-4 RNAi in different 
promoter-controlled regions of the disc. This RNAi system uses short double-stranded RNA that 
can be expressed in specific groups of cells (Orfanos, 2008). The sequence of this RNA can be 
strategically picked to match the sequence of the mRNA coding for the gene of interest so that 
base pairing will occur. This will result in a double-stranded RNA that will be recognized by the 
RNAi machinery and eliminated, thus depleting the mRNA of the targeted gene. Therefore when 
the sas-4 mRNA is targeted, centrosomes will be eliminated. To control where and when this 
sas-4 RNAi is expressed, we used promoter-controlled Gal-4 drivers to drive its expression in 
specific patterns in the developing wing disc (Hidalgo, 1998). The transcription factor Gal-4 
binds to an upstream activation sequence (UAS), which in turn activates transcription of the 
transgene of interest. All fly stocks were maintained at 25
o
C.  
Immunohistochemistry and Imaging 
To examine the effects of the loss of centrosomes on cells of the wing discs and larval brains, we 
used antibodies to determine the expression of several key cell markers in wild-type and mutant 
tissue (either homozygous for the sas-4 mutation, or expressing sas-4 RNAi). Antibodies used 
include: Cleaved Caspase3 (Millipore) to label cell undergoing apoptosis, phosphorylated-
Histone H3 (Millipore) to label mitotic staged condensed chromatin, and alpha-tubulin (Sigma) 
to label microtubules. Actin was labeled with Phalloidin (Molecular Probes). To perform 
antibody staining we first dissected 3
rd
 instar larvae in Phosphate-Buffered Saline (PBS) solution 
by removing the posterior third of the larvae and inverting the anterior half to reveal the discs 
and the brain. After this initial preparatory dissection the larvae were submerged in a tube with a 
600 μL solution of 4% formaldehyde, a fixing agent used to stop cellular processes and crosslink 
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cell components, diluted in PBS. The tube with solution and larvae was allowed to fix on a 
nutator for 15 minutes. Then the fix was removed, and the remaining larvae were washed with 
three consecutive 1 mL aliquots of PBT (PBS plus 0.1% Triton) at 10 minutes per wash (each 
wash occurred on the nutator that continuously stirred the solution). Once the final PBT wash 
was removed, 1 mL of PBTG (PBT plus 0.3% Goat Serum) was added, and the solution was 
allowed to rest on the nutator for an hour. After this step was completed, 200 μL of a primary 
antibody, that would recognize a protein of interest, was added to the tube containing the 
prepared larvae and allowed to nutate in the 25
0
C room overnight. The primary antibody was 
then pipetted out of the tube, the prepared larvae were washed three times in PBT, and a 
fluorescent secondary antibody (Alexa) was added to the tube. This solution was allowed to stain 
for two hours. The stained larvae were washed twice (10 min each) in 1 mL of PBT followed by 
a 10 minute wash in 1mL PBS, and were then ready to undergo mounting. The larvae were 
pipetted out of the tube and placed onto a dissecting tray. The wing discs or brains were removed 
from each larva and collected while the remaining bodies were discarded. A pipette was again 
used to remove the discs from the dissecting solution and place them on a slide. Once the excess 
solution was removed from the slide Aquapolymount was used to cover the tissue, and a cover 
slip was placed over the sample.  The slides were then imaged using confocal fluorescence 
microscopy, which revealed the expression levels and patterns of the different stained markers. 
Images were acquired on a Zeiss Pascal confocal microscope. Z-stack images were 
acquired at a depth of every micron throughout the tissue allowing the signal present in each 
level of the samples to be visualized. Images were then analyzed using a maximum intensity 
projection to display the signal from all layers onto a single two dimensional image. This 
projection could then be analyzed using Image J and the Zeiss LSM browser software. In the 
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images in which cleaved Caspase-3 staining was applied to mark apoptotic cells in wing discs, 
the drawing tool was used to calculate the area of the Caspase-3 signal along with the total area 
of the pouch of the wing disc. These two areas could then be used to quantify the percentage of 
the wing disc undergoing apoptosis.  
Karyotyping  
To determine levels of aneuploidy present in different genotypes in both wing discs and larval 
brains, a chromosome squash procedure was employed. First, 3
rd
 instar larvae were dissected and 
wing discs or brains extracted in 0.7% NaCl solution. The tissue was then pipetted onto a poly-
lysine coated slide, excess NaCl was removed and the discs were incubated in 0.5% sodium 
citrate for 10 minutes. This solution was then removed and the discs were incubated in 45% 
acetic acid for 2 minutes and 60% acetic acid from 1 minute. A coverslip was placed over the 
slide and the slide was squashed between stacks of Kimwipes. The slide was then immersed in 
liquid nitrogen for 1 minute. Upon removal from the liquid nitrogen (-80 
o
C) the coverslip was 
flicked off, Vectashield (with DAPI) was pipetted onto the slide to label DNA, and another 
coverslip was placed on the slide. Squashes were analyzed using a 518 Zeiss Axiophot to 
determine the karyotype of cells from the indicated genotypes. 
Results: 
Centrosomes promote chromosome segregation and cell viability in the wing disc 
Because sas-4 mutant flies can complete development and ultimately emerge as adult flies 
(Basto et. al., 2006), it was suggested that centrosomes do not have an integral function in the 
mitotic division of most cell types in the developing fly. Since this was surprising, we chose to 
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investigate the importance of centrosomes in somatic cell division by comparing the levels of 
apoptosis (programmed cell death) in wing discs homozygous for the sas-4 mutation to those in 
wild-type discs. To measure apoptosis, we used immunohistochemistry to label the cells with 
cleaved Caspase 3, a component of the apoptotic caspase cascade (Porter and Janicke, 1999). 
This revealed a significant increase in the amount of apoptosis occurring in the sas-4 mutant 
wing discs compared to the control discs (Figure 1).  
 
 
 
 
With the observed increase in cell death in the sas-4 mutant wing discs we were motivated to 
look for errors in chromosome segregation in the acentrosomal cells that might contribute to the 
apoptotic phenotype of the mutants. We analyzed chromosome segregation by visualizing 
chromosomes during anaphase, when they are moving away from the metaphase plate toward the 
spindle poles. In wild-type cells of the wing disc, chromosomes form an orderly arrangement as 
they segregate toward the spindle poles during anaphase. However, in sas-4 mutant cells, 
Figure 1: Centrosome Loss Leads to Elevated Apoptosis: (A-C) Cleaved caspase 3(green) and 
actin (red) staining in the indicated genotypes (Note: yw represents wild type) (A’-C’). Cleaved 
caspase 3 staining shown in grayscale indicates increased apoptosis in acentrosomal mutants (B’,C’) 
(D) Quantification of the percent caspase per area in the wing disc showing the increase in apoptosis 
in the acentrosomal mutants (sas-4 and asl)  
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abnormalities such as lagging chromosomes and disorganized arrays of chromosomes are 
observed at a significantly higher rate (data not shown). Lagging chromosomes indicate errors in 
chromosome segregation and chromosomes that are left behind during anaphase could become 
missegregated upon completion of mitosis, leading to aneuploidy. We therefore analyzed the 
karyotypes of cells from wild-type and sas-4 mutant wing discs to determine whether aneuploidy 
was present. Surprisingly, this analysis revealed no increase in aneuploidy in the acentrosomal 
cells. However, given the increase in cell death we observed in the mutant wing discs, we 
hypothesized that aneuploid cells may be eliminated from the tissue via apoptosis. To address 
this we sought to inhibit apoptosis using the baculovirus protein, p35, which has been shown to 
block apoptosis in Drosophila (Hay et. al., 1994). We drove the expression of this protein in the 
posterior half of wing discs using the engrailed promoter under the UAS-Gal4 system. 
Comparison of the karyotypes of cells from wing discs that express this protein in the wild-type 
background to  karyotypes of wild-type cells that do not express the baculovirus protein revealed 
that expression of p35 alone did not result in an increase in aneuploidy. However, expression of 
p35 in tissue that lacks centrosomes reveals an increase in aneuploidy, presumably resulting from 
the prevention of the removal of aneuploid cells by the apoptotic machinery (Figure2). 
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Genotype  # 
Normal  
# 
Aneuploid  
% 
Aneuploid  
wild-type  137  5  3.5%  
sas-4-  176 4  2.2%  
+p35  145 6  4.0%  
sas-4-,+p35  159 17  9.7%  *  
 
The Spindle  Assembly Checkpoint facilitates acentrosomal cell division in the wing disc 
We were also interested in the effects of the loss of centrosomes on the timing of mitosis and 
spindle assembly. Using live imaging to measure the time between nuclear envelope break down 
and anaphase onset we found that this period of mitosis, which corresponds to the formation of a 
bipolar mitotic spindle, is prolonged in acentrosomal mutants compared to wild-type flies (data 
not shown). This led us to question what factors could be delaying mitosis in the mutant cells and 
how those factors are contributing to the efficacy of acentrosomal cell division. The SAC is 
known to operate during mitosis to delay anaphase onset until proper kinetochore-microtubule 
B C 
A 
Figure 2: Aneuploidy Analyisis in 
the Wing Disc (A) Table showing the 
number of aneuploid and normal 
karyotypes observed in the indicated 
genotypes; * sas-4-,+p35 cells display 
a significant increase in aneuploidy 
relative to all other genotypes 
(p<0.05). (B-C) DAPI stain is used to 
label chromosomes. (B) Example of a 
normal karyotype for Drosophila. (C) 
Example of an abnormal karyotype 
for Drosophila.   
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attachments have been formed (Foley and Kapoor, 2013). We hypothesized that the SAC is 
active in ensuring acentrosomal cells properly form a mitotic spindle with amphitelic 
microtubule attachment at the kinetochore, and that eliminating both centrosomes and SAC 
function will result in increased cell death. We first examined flies homozygous mutant for mad-
2, a protein that is crucial for SAC function, and saw no significant increase in apoptosis in wing 
disc cells (Figure 3). Then, to test the importance of SAC function in acentrosomal cells we 
attempted to generate flies that were double mutant for sas-4 and mad-2. These flies lacked 
centrosomes and SAC function in all tissues. However, the lack of centrosome and checkpoint 
function in these flies was pupal lethal and the larvae from this genotype lacked all imaginal 
discs, preventing further analysis in epithelial tissue. To circumvent the lethality and lack of 
wing discs in the double mutant we used the engrailed promoter, which expresses in the 
posterior half of the wing disc, to drive expression of RNAi against sas-4 and thus eliminate 
expression of the Sas-4 protein by degrading its mRNA in the mad-2 homozygous mutant 
background. Strikingly, we observed a dramatic increase in apoptosis in the posterior half of 
these wing discs, where cells lacked both centrosomes and the SAC (Figure 3). As expected, we 
also observed an increase in apoptosis in the area of the discs expressing sas-4 RNAi in a wild-
type background, although it was significantly less than the level of apoptosis observed when 
SAC function was also perturbed (Figure 3). These findings indicate that the SAC does in fact 
play an important role in allowing a mitotic spindle to form in the absence of centrosomes and 
suggests that centrosomes are essential for efficient spindle assembly.  
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Similarities and differences in acentrosomal cell division in the brain 
In contrast to our work in the wing disc epithelium, previous studies have proposed that 
centrosome loss does not cause cell death in the developing fly brain, though it does result in 
moderate defects in asymmetric stem cell division (Basto et. al., 2006). To examine how 
centrosome loss affects mitotic fidelity in different tissues, we extended our analyses to the 
Figure 3: Reliance of Acentrosomal Cells 
on the Spindle Assembly Checkpoint (A) 
Expression of RFP driven by the engrailed 
promoter in the posterior half of the wing 
disc. (B/B’) Expression of sas-4 RNAi 
driven by engrailed promoter results in 
increased apoptosis. (C/C’) mad2 mutant 
wing discs do not show an increase in 
apoptosis. (D/D’) Expression of sas-4 RNAi 
in the mad2 mutant background results in a 
dramatic increase in apoptosis. (E) 
Quantification of the percent apoptosis by 
area in the indicated genotypes showing a 
significant increase in sections of wing discs 
that lack centrosome and checkpoint 
function 
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developing brain. As previously reported, and unlike in wing discs, we observed no significant 
increase in the amount of cell death in sas-4 mutant brains compared to wild-type (Figure 4). 
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However, we know from our work in the wing disc that development is robust and compensatory 
mechanisms exist that can accommodate potential deleterious effects of centrosome loss on 
mitotic fidelity. We therefore again turned to the flies that were double mutant for sas-4 and the 
SAC component, mad2. Interestingly, we found that while larvae of this genotype completely 
lacked imaginal discs, they did form brains, though they were dramatically smaller than wild-
      yw              mad2-            sas-4-       mad2;sas-4- 
p<0.01 
# Casp3+ 
cells/ 
100mm
3
 
 
Figure 4: Apoptosis in the 
developing fly brain (A-D) 
Hemispheres of 3
rd
 instar larval 
fly brains stained with cleaved 
caspase3 to label cells undergoing 
apoptosis; note the elevated levels 
of Casp3 in mad2,sas-4 brains. 
Note: yw represents wild-type (E) 
Quantification of caspase positive 
cells per area indicating a 
significant increase in apoptosis 
in the double mutant brains 
(p<0.01).  
E 
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type or single mutant brains, indicating significant developmental abnormalities in brains lacking 
both centrosomes and the SAC (Figure 5).  
 
 
The source of many of the cells in the brain is the neuroblasts, which are effectively neural stem 
cells. The smaller brain size in the double mutants may thus be caused by a decreased number of 
neuroblasts. Therefore, to investigate the reduction in brain size in the double mutants and to 
Figure 5: Loss of Centrosomes 
and SAC Results in Reduced Brain 
Size 
 (A-B) Images of brains from 3rd 
larval instars in the indicated 
genotypes with microtubules 
(green) and actin (red) showing 
tissue morphology. (yw=wild type) 
(C) Quantification showing the 
significant decrease in brain size in 
the double mutants compared to 
both single mutants and wild 
type; single mutants not shown. 
A B 
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further analyze the effect of centrosome and SAC loss in the developing brain, we sought to 
characterize the number of neuroblasts present in the mad2;sas-4 double mutants compared to 
each of the single mutants and wild-type brains. To identify neuroblasts, we stained larval brains 
for two neuroblast-specific proteins: the transcription factor, Deadpan, and Miranda, a protein 
involved in asymmetric neuroblast division and cell fate determination. We quantified the 
number of neuroblasts in the mad2;sas-4 double mutant, as well as the sas-4 and mad2 single 
mutant and wild-type controls. This revealed a significant decrease in the number of neuroblasts 
in the double mutant when compared to either single mutant or wild-type brains (Figure 6). With 
the evidence of developmental defects in the brains of mad2;sas-4 double mutants we again 
sought to characterize cellular defects that could result from the loss of centrosome and SAC 
function. By analyzing cleaved Caspase 3 staining in the brains of the double mutants, we 
observed an increase in apoptosis compared to either single mutant, which did not display 
increased apoptosis (Figure 4). Thus, although brain cells appear refractory to the loss of 
centrosomes or SAC function alone, the loss of both centrosomes and checkpoint function results 
in cell death. This suggests that the SAC is able to buffer acentrosomal cells in the brain as it 
does in the wing disc.  
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Finally, because we observed increased errors in chromosome segregation and aneuploidy in 
wing discs lacking centrosomes we sought to determine if similar errors would be present in 
mutant brains. Interestingly, neither the mad2 or sas-4 single mutants displayed a significant 
increase in aneuploidy. However, the double mutant showed a dramatic increase in aneuploidy 
with the majority of cells exhibiting abnormal chromosome number (Figure 7). Thus, while the 
brain has been shown to have a degree of tolerance for the loss of centrosomes, our data 
demonstrate that the SAC plays a crucial role in facilitating acentrosomal cell division.     
 
 
 
 
 
A B 
C D 
E 
Figure 6: Neuroblast Number in 
Developing Brains                                
(A-D) Neuroblasts indicated by costaining 
for Deadpan (green) and Miranda (red) in 
the indicated genotypes. (yw=wild type) 
(E) Quantification of neuroblasts per unit 
area indicating a significant decrease in 
the number of neuroblasts in the double 
mutants compared to either single mutant 
and wild-type. 
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Genotype  # Normal  # Aneuploid  Percent Aneuploid  
wild-type  80 2 2.4% 
mad2- 24 2 7.7% 
sas-4-  86 9 9.5% 
mad2;sas-4- 4 17 81% 
 
 
 
Discussion: 
With the presumed importance of centrosomes in nucleating a mitotic spindle and 
executing mitosis, it was surprising to learn that mutant flies lacking centrosomes survive to 
adulthood. This led to the interpretation that centrosomes are dispensable for mitosis.  However, 
our data indicate that centrosomes promote spindle assembly, genome stability, and cell viability. 
The increase in cell death and the prevalence of errors in chromosome segregation in 
acentrosomal cells are indicative of the challenges acentrosomal cells face when assembling a 
spindle. Multiple semi-redundant mechanisms exist in animal cells to ensure spindle assembly. 
Consistent with this, our data demonstrate that cells lacking functional centrosomes are able to 
form mitotic spindles and divide because of this robustness of mitosis. However, we did observe 
a significant decrease in the efficiency of spindle assembly in these mutants. Spindles required 
more time to assemble in the absence of centrosomes as indicated by the increase in the time 
between nuclear envelope breakdown and anaphase onset in mutant cells. Our data also indicate 
that acentrosomal cells are reliant on the SAC to facilitate the delay in mitosis until proper 
kinetochore attachments to microtubules are made. Although the ability of the SAC to delay 
p<0.0001 
Figure 7: Aneuploidy Analyisis in the Brain shows the number of 
aneuploid and normal karyotypes observed in the indicated genotypes with 
the double mutant exhibiting a significant increase in aneuploidy compared 
to either single mutant or wild-type (p<0.0001). 
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mitosis has been well characterized, the reliance of acentrosomal cells on this cell cycle 
checkpoint reflects the importance of centrosomes in efficient spindle assembly.    
The previously reported robustness of the brain to centrosome loss establishes this tissue 
as an interesting counter-model to wing disc epithelia, where we found centrosomes to be 
important in cell division and viability. Comparison of the findings from the brain and the wing 
disc facilitates an analysis of the abilities of different tissues to respond to mitotic perturbation 
via compensatory mechanisms. For example, while centrosome loss resulted in increased 
apoptosis in the wing disc, the brain appears, to some extent, to be refractory to centrosome loss, 
as indicated by the lack of an increase in apoptosis. In both tissues, however, there is significant 
reliance in the acentrosomal cells on regulatory mechanisms such as the SAC, as loss of both 
centrosome and SAC function resulted in increased cell death in both tissues. Even in this regard, 
there appear to be important tissue-specific differences as mad2;sas-4 mutant larvae fail to 
produce wing discs, or any of the other discs that are larval precursors to adult structures, 
whereas mutant brains are present, though reduced in size. This supports the idea that there are 
key differences in the ability of different cells/tissues to respond to or tolerate mitotic error. It 
could be hypothesized that larvae are able to form brains because the brain tissue itself is better 
able to compensate for the difficulties of acentrosomal division or perhaps because brain cells are 
not as sensitive to mitotic defects, such as aneuploidy, and thus simply do not die. Analysis of 
karyotypes from mutant brains lacking centrosome and/or SAC function has revealed an increase 
in aneuploidy in the double mutants relative to either of the single mutants and wild-type flies. 
This shows that even in the brain, which appears tolerant of centrosome loss, there is still a 
reliance on the SAC to ensure the fidelity of chromosome segregation when centrosomes are 
absent. While our data and others suggest that centrosomes are not essential in brain cells, we 
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have found that this tolerance can be partially attributed to the activity of cell cycle checkpoints, 
like the SAC, which are able to compensate for centrosome loss. Moving forward it would be 
interesting to investigate whether the dampened response of the larval brain to centrosome loss is 
due to an intrinsically greater reliance on centrosome independent pathways of microtubule 
nucleation, or if cell cycle checkpoints are better able to compensate for mitotic perturbation in 
this tissue than in the wing disc, or perhaps that brain cells are less likely to undergo apoptosis, 
possibly due to differences in expression or regulation of pro- or anti-apoptotic proteins.   
With the phenotype of decreased brain size in the mad2;sas-4 double mutants in mind it 
is interesting to consider the disease of primary microcephaly in humans. Many of the mutations 
that have been linked to this disease occur in centrosomal proteins, but it is not known how these 
mutations contribute to disease development. The robustness of the developing fly brain to the 
loss of centrosomes alone is interesting in this context as it suggests that further perturbation of 
compensatory mechanisms could have an unappreciated role in the development of 
microcephaly. The smaller brains of sas-4;mad2 double mutants display a decrease in neuroblast 
number indicating a significant developmental defect linked to the mitotic function of 
centrosomes and the SAC. The presence of aneuploidy in the double mutants is significant when 
considering these flies as a model of this disease because mosaic variegated aneuploidy has been 
linked to microcephaly in humans suggesting that chromosomal instability and perturbations of 
the genome could have an underlying role in this disease (Hanks et al. 2004). Further 
examination of these genetic interactions in a mammalian model could shed light on how the 
interplay between centrosomes and the spindle assembly checkpoint prevent disease. 
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